Introduction {#s0005}
============

Urothelial carcinoma of the bladder (UCB) is the ninth most common cancer worldwide with an estimated 429,000 new cases and 165,000 deaths per year [@bb0005]. Men have a three to four times increased risk of developing bladder cancer than women, even when accounting for lifestyle and environmental factors [@bb0010], [@bb0015]. On the other hand, women are more likely to have advanced tumors at the time of diagnosis as well as a worse outcome [@bb0020], [@bb0025]. This has led to the investigation of sex hormones and sex hormone receptors as possible factors in the development of bladder cancer [@bb0030].

There is emerging evidence of the involvement of the androgen receptor (AR) and the androgen signaling pathway in urothelial carcinoma [@bb0035]. An association between expression of AR and the development of UCB could be demonstrated in numerous experiments on animals and human urothelial cell lines [@bb0040], [@bb0045], [@bb0050], [@bb0055], [@bb0060]. However, the prognostic relevance of AR expression in UCB remains controversial. While some studies described an association between high AR expression and increased tumor stage and grade as well as a worse survival [@bb0040], [@bb0065], other studies reported that tumor progression is accompanied by decreased AR expression [@bb0070], [@bb0075]. Moreover, most studies found no significant difference of AR expression in UCB between male and female patients [@bb0065], [@bb0075], [@bb0080]. The conflicting results of the previously cited studies might in part be attributed to immunohistochemistry as the main method to determine AR expression, since immunohistochemistry is associated with high inter-observer variability depending on the antibodies used and different cut-off values [@bb0080]. In a recent study, we were able to identify improved survival for patients with stage T1 bladder cancer and high AR mRNA expression measured with quantitative real-time polymerase chain reaction [@bb0085].

Additionally, an association between AR and the transcription factor GATA3 was previously investigated in UCB by analogy with breast cancer. Prior studies in breast cancer demonstrated that high co-expression of GATA3 and AR was a key feature of the apocrine subtype of triple negative breast cancers, which is associated with improved prognosis compared to other types of triple negative breast cancers [@bb0090]. In UCB, previous preclinical studies in UCB cell lines showed that GATA3 knockdown results in down-regulation of molecules that play a protective role in bladder tumorigenesis and up-regulation of oncogenic genes, thus suggesting a protective role of GATA3 in bladder cancer [@bb0095]. Moreover, GATA3 is considered one of the main markers to characterize luminal subtypes of UCB [@bb0100], [@bb0105]. A prognostic significance of GATA3 in UCB as well as a possible regulatory interaction with androgens has previously also been suggested [@bb0095], [@bb0110], but further analyses are still necessary.

In the present study, we retrospectively investigated the association of AR mRNA expression with clinicopathological features, survival, and GATA3 mRNA expression within two independent cohorts representing patients with all stages of UCB.

Materials and Methods {#s0010}
=====================

Patient Population {#s0015}
------------------

In the present study we were given access to two previously described cohorts for the analysis of AR mRNA expression.

The first cohort consisted of 41 patients with all stages of UCB (Ta -- T4) at initial diagnosis originally treated by transurethral resection of the bladder (TURB) at the Department of Urology of the Aarhus University Hospital. Informed consent was obtained from all patients, and the protocols were approved by the scientific ethical committee of Aarhus County and performed in accordance to corresponding approved regulations and guidelines [@bb0115]. Samples were obtained directly from surgery and frozen in a guanidinium thiocyanate solution for preservation of RNA. Only specimens containing at least 50% tumor cells were used in this study which was previously suggested to be valid for mRNA based subtyping in breast cancer studies [@bb0120], [@bb0125], [@bb0130]. A full-genome expression analysis of 59,619 genes and expressed sequence tags including sex hormone receptor genes was performed by high-density oligonucleotide microarrays (customized Affymetrix GeneChip, Santa Clara, CA) as previously described in more detail [@bb0115]. Data on tumor stage, tumor grade according to the 1973 WHO classification and AR mRNA expression was available for all patients. There were no data on age and treatment modality and only limited data on nodal and metastasis status. All patients of this cohort were included in the analysis of AR mRNA expression with tumor stage and grade.

The second cohort comprised 402 cases that were accumulated by the Cancer Genome Atlas (TCGA) Research Network from 19 sites [@bb0135]. RNA-Seq (HiSeq) was used for whole genome analysis in tumor samples as previously described [@bb0135]. Four molecular subtypes were defined in this cohort based on mRNA expression patterns (i.e. TCGA subtypes): the subtypes I and II are described as luminal-like, with subtype I being defined by FGFR3 alterations and elevated FGFR3 expression, while subtype II is characterized by ERBB2 mutations and estrogen receptor beta (ESR2) enrichment. Subtypes III and IV are described as basal-like, defined by increased expression of epithelial lineage genes and stem/progenitor cytokeratines, with subtype III showing higher mRNA expression of keratins and FGFR3 than subtype IV [@bb0135].

The clinical data as well as data on AR and GATA3 mRNA expression for the TCGA cohort is publicly available at the cBioPortal for Cancer Genomics website (http://www.cbioportal.org/study?id=blca_tcga\#clinical). The data set was downloaded on December 6th of 2016 and was validated by K.A.H. on March 16th of 2017. Since most patients in the TCGA cohort had MIBC, patients with stages T0 and T1 were excluded from the analysis. Aside from 10 patients who received radiotherapy, the exact treatment modality was not documented. Therefore, we used a documented pN status as a surrogate for surgical therapy. All patients with pNX were excluded from the analysis, as were patients who received neoadjuvant therapy, definitive radiotherapy or had documented metastases. The final analysis set consisted of 323 patients. We then analyzed the association of AR mRNA expression in MIBC with tumor stage, tumor grade according to the WHO 2004 classification, nodal status, age, gender, smoking status, TCGA subtype as well as overall (OS) and disease-free survival (DFS). We also decided to analyze the association between AR and GATA3 mRNA expression, since an association was previously suggested [@bb0095], [@bb0110].

Statistical Methods {#s0020}
-------------------

The Spearman\'s product--moment correlation coefficient r~s~ was used to measure the strength and direction of the linear relationship between variables (tumor stage, grade, nodal status, gender, age, smoking status, GATA3 expression and TCGA subtype). In addition, Wilcoxon/Kruskal-Wallis was used to test the significance of the differences between these variables. Scatter plot and box plot analysis were used to describe AR mRNA expression depending on stage and TCGA subtype. Statistical analysis including Kaplan--Meier survival analysis and multivariable Cox\'s regression analysis were performed with JMP SAS (SAS Institute, Cary, NC, USA) and Graph Pad Prism software (Version 5.04; Graph Pad Software Inc., La Jolla, CA, USA).

Results {#s0025}
=======

Results from the Aarhus Cohort {#s0030}
------------------------------

Clinicopathological characteristics of the Aarhus cohort are summarized in [Table 1](#t0005){ref-type="table"}. Of the 41 patients, 29 had non-muscle-invasive bladder cancer (NMIBC) and 12 had muscle-invasive bladder cancer (MIBC). The median AR mRNA expression in this cohort was 54.4. Since there were no data on treatment modality and only limited data on nodal and distant metastases, we did not analyze the association between AR mRNA expression and nodal status, metastasis and survival. Spearman\'s rank correlation and Wilcoxon/Kruskal-Wallis testing revealed a statistically significant association between tumor stage (Chi^2^ = 14.48; *P* = .0059) but not tumor grade (Chi^2^ = −0.53; *P* = .46). Scatter plot analysis demonstrated a significantly lower AR mRNA expression pattern with increasing tumor stage, with the largest gap occurring between NMIBC and MIBC (*P* = .0004) ([Figure 1](#f0005){ref-type="fig"}). There was no association between AR mRNA expression and gender in the complete cohort. Median mRNA expression in females was almost identical to males (52.93 vs 54.82) with similar range (Min/Max females 18.84--192.45 vs Min/Max males 23.67--161.84). The analysis of stage dependent AR mRNA expression stratified by gender showed a trend towards higher AR mRNA expression in NMIBC, however, because of the small sample size containing only five women the gender specific analysis could not reveal any statistically meaningful results ([Supplementary Figure 1](#f0035){ref-type="graphic"}).Table 1Patient characteristics of the patients in the Aarhus cohortTable 1Patient characteristicsn (%)Total cohort41 (100)Gender male36 (88) female5 (12)Tumor stage Ta24 (58.5) T15 (12.2) T21 (2.4) T36 (14.6) T45 (12.2)Nodal status N+5 (12.2) N02 (4.9) Nx34 (82.9)Metastasis stage M+6 (14.6) M06 (14.6) Mx29 (70.7)Tumor grade (WHO 1973) G10 (0) G210 (24.4) G331 (75.6)Figure 1AR mRNA expression in the Aarhus cohort according to pathological tumor stage.Figure 1

Results from the TCGA Cohort {#s0035}
----------------------------

A total of 79 patients were excluded (4 patients had NMIBC; 33 had no data on tumor stage; 41 had no data on nodal status; 10 had positive metastases; 10 received neoadjuvant therapy; 10 received definitive radiotherapy; some patients had more than one exclusion criteria), leaving 323 patients with MIBC to be included into the AR mRNA expression analysis. [Figure 2](#f0010){ref-type="fig"} shows the flow chart representing the exclusion criteria. An additional 71 patients were excluded from the analysis of DFS because of missing data, leaving a total of 252 patients (183 male (72.6%) and 69 female (27.4%)) for inclusion in the analysis of the association of AR mRNA expression and DFS. The characteristics of the patients included in the survival analysis are shown in [Table 2](#t0010){ref-type="table"}.Figure 2Flowchart demonstrating the patients excluded from the analysis.Figure 2Table 2Patient characteristics of the 252 patients in the TCGA cohort with available follow-up data on disease-specific survival divided by genderTable 2MaleFemaleTotal cohort n (%)183 (100)69 (100)Tumor stage n (%) T262 (33.9)22 (31.9) T395 (51.9)38 (55.1) T426 (14.2)9 (13.0)Tumor grade (WHO 2004) n (%) Low grade17 (9.3)1 (1.5) High grade164 (89.6)68 (98.6) NA2 (1.1)0 (0)Nodal status n (%) pN+61 (33.3)21 (30.4) pN0122 (66.7)48 (69.6)Adjuvant therapy n (%)36 (19.7)13 (18.8)Positive smoking history n (%)136 (74.3)39 (56.5)Median age years (IQR)66 (41--90)69 (43--90)Median follow-up months (IQR)15.6 (0.4--142.7)15.6 (0.6--163.2)Disease-specific event n (%)71 (38.8)33 (47.8)Death n (%)45 (24.6)24 (34.8)AR expression n (%) \<median85 (46.5)43 (62.3) ≥median98 (53.6)26 (37.7)TCGA subtype n (%) TCGA subtype I67 (36.6)22 (31.9) TCGA subtype II47 (25.7)13 (18.8) TCGA subtype III39 (21.3)19 (27.5) TCGA subtype IV29 (15.9)13 (18.8) NA1 (0.6)2 (2.9)

Spearman\'s rank correlation demonstrated a significant positive association between AR mRNA expression and GATA3 mRNA expression (r~s~ = 0.37; *P* \< .0001) ([Supplementary Figure 2](#f0040){ref-type="graphic"}). There was no significant association between AR mRNA expression and tumor stage, grade WHO 2004, nodal status, age, gender, and smoking status in MIBC. Wilcoxon/Kruskal-Wallis testing revealed a statistically significant association between the TCGA subtype and AR mRNA expression (Chi^2^:46.7; P \< .0001) ([Figure 3](#f0015){ref-type="fig"}). AR distribution is significantly lower in the basal subtypes III and IV when compared to the luminal subtypes ([Figure 4](#f0020){ref-type="fig"}). Interestingly, AR mRNA expression between the two basal subtypes differs almost significantly as well (*P* = .06).Figure 3Correlation of AR mRNA expression with clinicopathological features in the TCGA cohort.Figure 3Figure 4Box plot analysis of AR mRNA expression according to TCGA subtype in the TCGA cohort.Figure 4

For analysis of AR expression on survival we used the median AR mRNA expression level (2.83) as the cut-off to define high and low AR expression. This way, no significant association between AR mRNA expression and DFS (*P* = .11) or OS (*P* = .54) was observed in Kaplan--Meier analysis ([Supplementary Figure 3](#f0045){ref-type="graphic"}).

Given that gender-specific differences of the role of AR can be expected, we additionally accounted for gender in the Kaplan--Meier analysis. Women with high AR mRNA expression **≥**2.83 had significantly worse DFS (*P* = .03) and OS (*P* = .02) than women with low AR mRNA expression **\<**2.83. By contrast, men had no changes in survival depending on AR expression ([Figure 5](#f0025){ref-type="fig"}). These results may in part be attributed to adjuvant radio−/chemotherapy, as 28.6% (12/42) of the women with AR \<2.83 and only 3.7% (1/27) of females with AR **≥**2.83 received an adjuvant therapy, while the distribution of adjuvant therapy was more balanced in male patients (22.4% (19/85) of men with low AR and 17.9% (17/98) of men with high AR received adjuvant therapy). We tried to address this problem by separately analyzing women with and without adjuvant therapy. The subgroup of women without adjuvant chemotherapy (n = 56) only revealed a trend towards improved OS and DS when AR mRNA expression was low, which, however, was not statistically significant. The subgroup who received adjuvant therapy contained only 13 patients, making statistical analyses difficult, although a trend towards improved survival was seen here as well ([Supplementary Figure 4](#f0050){ref-type="fig"}, [Supplementary Figure 5](#f0055){ref-type="fig"}). The small size of these subgroups prevents meaningful analyses and conclusions. Therefore, a possible bias must be considered when interpreting our survival analysis of all 69 females.Figure 5Kaplan--Meier analysis for DFS (a) and OS (b) in women as well as DFS (c) and OS (d) in men with MIBC depending on AR mRNA expression.Figure 5

Finally, multivariable Cox\'s regression analysis demonstrated median AR mRNA expression in women to be an independent prognostic marker for DFS (L-R Chi^2^:7.23; *P* = .007) and OS (L-R Chi^2^:4.32; *P* = .04) when stratified for tumor stage, grade, nodal status, and age ([Figure 6](#f0030){ref-type="fig"}).Figure 6Multivariable Cox\'s regression analysis for DFS in women stratified by median AR mRNA expression.Figure 6

Since an association with AR mRNA expression was previously suggested, we additionally analyzed GATA3 mRNA expression in MIBC by analogy with AR. GATA3 mRNA expression was also associated with the TCGA subtype (Chi^2^ = 146.83; *P* \< .0001) ([Supplementary Figure 6](#f0060){ref-type="graphic"}). Unlike AR however, GATA3 mRNA expression was significantly associated with gender (Chi^2^ = 3.97; *P* = .05), tumor stage (Chi^2^ = 6.61; *P* = .03) and showed a negative association with tumor grade (Chi^2^ = 18.11; P \< .0001). Interestingly, there was no association between GATA3 mRNA expression and survival, irrespective of whether the total or gender-specific cohorts were analyzed ([Supplementary Figure 7](#f0065){ref-type="fig"}, [Supplementary Figure 8](#f0070){ref-type="fig"}, [Supplementary Figure 9](#f0075){ref-type="fig"}).

Discussion {#s0040}
==========

Perception of UCB has changed vastly in recent years. After over two decades of very little improvement of diagnostic and therapeutic options [@bb0140], recent studies demonstrated UCB to be a very heterogenic disease with multiple genetic mutations as well as molecular subtypes, offering new possibilities to classify and treat UCB [@bb0100], [@bb0135], [@bb0145], [@bb0150]. Moreover, because of gender-specific differences of UCB, sexual hormones in general and AR in particular have been discussed as a possible factor in the genesis and progression of UCB [@bb0030]. However, because of conflicting results, the role of AR in UCB remains unclear [@bb0040], [@bb0065], [@bb0070], [@bb0075]. The differing results might partially be attributed to immunohistochemistry as the main means of determining AR expression in most studies, as immunohistochemistry is associated with high inter-observer variability [@bb0080]. To avoid the technical limitations of immunohistochemistry in the assessment of AR protein expression in UCB, we recently measured AR mRNA expression in stage T1 UCB using reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) [@bb0085]. We found that AR mRNA expression is associated with better survival in stage T1 UCB.

Even though immunohistochemistry based studies had contradictory results, they consistently report a changing role of AR in UCB with increasing stage. Therefore, in the present study, we retrospectively investigated AR mRNA expression in all stages of UCB within two independent cohorts. In the Aarhus cohort, AR mRNA expression was higher in lower stages, which is most prominent between non-muscle-invasive and muscle-invasive disease. There were no significant differences in AR mRNA expression when comparing stages T2 -- T4, which was also the case in the TCGA cohort. Unfortunately, given that no data on progression was available in both cohorts, it cannot be concluded that AR mRNA expression changes during progression from NMIBC to MIBC. However, these results suggest a different role of AR in NMIBC and MIBC, while there seem to be no relevant additional changes of AR expression within the different stages of MIBC. The current results are comparable to the findings of Boorjan et al. [@bb0070].

The high expression of AR mRNA in NMIBC might also be of therapeutic relevance. Several preclinical studies demonstrated an improved BCG efficacy in the presence of antiandrogens [@bb0155], [@bb0160]. AR degradation was shown to recruit monocytes and macrophages that promote BCG attachment to UCB cells which eventually enhance BCG-induced UCB cell death through TNF-α release [@bb0155]. Unfortunately, lacking any information on BCG therapy and survival, we are not able to draw any conclusions from our current results. However, high AR expression in NMIBC might be responsible for patients not responding to BCG therapy. Further clinical studies will be necessary to address this topic.

Since the available clinicopathological data in the Aarhus cohort were limited, the analysis was focused on the TCGA cohort, which comprised only patients with stage T2 -- T4 MIBC. The results were mostly negative. There was no significant association between AR mRNA expression with tumor stage, grade or nodal status. Interestingly, there was also no association between AR expression and age, as change in AR expression with increasing age might be assumed [@bb0165], which is not the case in the current study. Moreover, no association was found between AR expression and smoking status, which was suggested by a previous study [@bb0080].

The only statistically significant association was observed between AR mRNA expression and GATA3 mRNA expression as well as the TCGA subtype.

The relation between AR and GATA3 was examined because an association was implicated by previous studies [@bb0095], [@bb0110]. Previous investigations demonstrated a protective role of GATA3 expression in the urinary bladder, as GATA3 was shown to be down-regulated in urothelial carcinoma, high grade urothelial carcinoma and MIBC when compared to normal urothelium, low grade urothelial carcinoma and NMIBC, respectively [@bb0110]. The current results are in concordance with previous findings, as we also found an inverse association between GATA3 expression and tumor grade. Moreover, Li et al. showed that androgens are capable of decreasing GATA3 expression in normal urothelial cell lines via AR mediation, while no effect of androgens on GATA3 expression in neoplastic urothelial cells was observed [@bb0095]. This also coincides with our results, since AR and GATA3 expression were positively correlated in MIBC in the current study, meaning that AR had no negative effect on GATA3 expression in bladder cancer. GATA3 might have a different role in UCB when compared to normal urothelium. Interestingly, although GATA3 demonstrated an association with several clinicopathological features, it had no prognostic relevance regarding survival. However, in concordance with previous studies [@bb0100], [@bb0145], we observed a significantly higher expression in the luminal TCGA subtypes I and II, confirming GATA3 as an important marker to distinguish luminal from basal subtypes.

Analysis of the association of AR mRNA expression with the TCGA subtypes in MIBC revealed a significantly lower AR mRNA expression in the two basal subtypes III and IV when compared to the luminal subtypes I and II. The lowest AR expression was in TCGA subtype III, which is mainly characterized by high expression of keratins, like KRT5, KRT6a and KRT14 [@bb0135]. The current results in MIBC are in contrast to our previous findings in stage T1 bladder cancer, which showed a statistically significant positive association between high mRNA expression of AR and KRT5, both of which were associated with better survival [@bb0085]. On the other hand, other molecular analyses found the basal subtype to be more aggressive than the luminal subtype in MIBC [@bb0100]. Taken together, these findings implicate a lower AR expression in MIBC, which might contribute to the worse outcome of basal subtypes in MIBC, while AR targeted therapies for luminal MIBC might be considered a possible therapeutic option in the future.

Overall, the most interesting finding of the current analysis is the gender-specific influence of AR mRNA expression on survival. When using AR expression at median level as a cut-off to define high and low AR mRNA expression, 53.6% of male patients and 37.7% of female patients with MIBC had high expression. While AR expression had no effect on survival in men, females expressing AR mRNA above median level demonstrated significantly worse DFS and OS. These results may in part be attributed to adjuvant radio−/chemotherapy, as 27.9% of females with low AR expression and only 3.9% of females with high AR expression received an adjuvant therapy, which has to be considered when drawing conclusions from the current results. We tried to address this problem by separately analyzing women with and without adjuvant therapy. This way, a trend towards improved survival was seen in both subgroups when AR mRNA expression was below median level, although the results were not statistically significant. However, the small size of these subgroups prevents meaningful analyses and conclusions. Therefore, a possible bias must be considered when interpreting our survival analysis of all 69 females. Nevertheless, considering the poor response of UCB to chemotherapy [@bb0170], [@bb0175], the possible gender-specific role of AR in female patients with MIBC should not be disregarded and should be validated in further studies. The gender-specific difference regarding the association of AR mRNA expression and survival would be especially surprising, because AR mRNA expression does not differ significantly between men and women. This effect might be due to distinct hormone levels between men and women as well as cross-reactions between AR and other hormonal receptors, which has been suggested in breast cancer [@bb0180]. This way, a different role of high AR expression in women and men is thinkable, even though AR mRNA expression does not differ significantly between genders. Nevertheless, the reasons for the different results in females and males remain unclear and need further investigation.

Finally, as in NMIBC, the therapeutic relevance of AR expression in MIBC still has to be determined. Recent studies demonstrated a better outcome for patients with UCB when treated with antiandrogens for concomitant prostate cancer [@bb0185]. Another study suggested an improved efficacy of platinum-based chemotherapy when given together with antiandrogens [@bb0190]. Since AR expression does not decrease with higher tumor stages according to our results, patients with stage T3 or T4 MIBC might still benefit from an additional antiandrogen therapy accompanying chemotherapy. Further studies are necessary to clarify this topic.

There are several limitations to this study. First, there are the limitations associated with a retrospective study. Some important information, like most clinical features in the Aarhus cohort or the treatment modalities in both cohorts were missing. We decided to overcome this problem by including only patients with a documented pN status as a surrogate for a surgical therapeutic approach in the TCGA cohort, however the exact type and outcome of the surgery remains unclear, which has to be accounted for when interpreting our results regarding survival. Another limitation is the small size and uneven composition of the Aarhus cohort while the disproportionate distribution of adjuvant therapy in females in the TCGA cohort might lead to a bias in the survival analysis. Moreover, the diversity of the two cohorts regarding population, available data and methods used for AR mRNA quantification means that a direct comparison of the two cohorts is not possible. Another possible limitation of mRNA quantification is the potential contamination with non-neoplastic urothelium. While we used only samples containing more than 50% tumor cells by analogy with previous studies in breast cancer [@bb0120], [@bb0125], [@bb0130], a contamination cannot be entirely excluded. Finally, no data was available on immunohistochemical staining of the analyzed genes, which, however, remains the most readily available form of detection of molecular markers.

In conclusion, by analyzing AR mRNA expression in UCB within two different cohorts a significantly lower AR mRNA expression was demonstrated in MIBC when compared to NMIBC, with no further differences in AR mRNA expression within the various stages of MIBC. Moreover, AR mRNA expression demonstrated a gender-specific impact on outcome. Females expressing AR mRNA above median level had significantly worse DFS. Further studies with larger cohorts are necessary to clarify the gender-dependent role of AR in UCB.
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